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Defensins are a family of microbicidal peptides abundant in the granules of mammalian eutrophils, in rabbit alveolar macrophages, and in human 
and murine intestinal Paneth cells. We cloned and sequenced the genes of three neutrophil-specific defensins. Human HNP-1 and HNP-3 are nearly 
identical and rabbit NP-3a is closely related. The four known neutrophil-specific defensin genes are strikingly similar in the structure and 
organization of their three exons and two introns, but the three defensin genes expressed in macrophages (MCP-1 and -2) or Paneth cells (HD-5) 
are organized differently: HD-5 has only two exons, and MCP-1 and -2 have a comparatively short first intron. The diverse genomic organization 
of defensin genes may contribute to their cell-specific expression. 
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1. INTRODUCTION 
Polymorphonucleated leukocytes (neutrophils), the 
most numerous phagocytes circulating in blood and the 
main cellular constituents of pus, kill bacteria and fungi 
by exposing them to reactive oxygen intermediates and 
granule-associated microbicidal proteins [l-3]. Mem- 
bers of the defensin family are among the most abun- 
dant of the microbicidal proteins. The human neutro- 
phi1 peptides HNP-1, -2 and -3 constitute 5-7% of the 
protein of human neutrophils [4]. The fourth human 
neutrophil defensin, HNP4, is approximately one hun- 
dred times less abundant [4,5]. The six rabbit defensins, 
neutrophil peptides NP-1, -2, -3a, -3b, -4 and -5, com- 
prise 15-20% of rabbit neutrophil protein [6]. Two de- 
fensins have also been found in guinea pig neutrophils 
[7,8]. Defensin expression is not limited to neutrophils. 
Two defensins, MCP-1 and -2, expressed in alveolar 
macrophages [6,9] are identical to two of the rabbit 
neutrophil peptides, respectively, NP-1 and -2. The 
Paneth cells of the mouse small intestine have been 
shown to contain a large amount of mRNAs coding for 
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typical defensin peptides, termed cryptdins [lo]. Re- 
cently, the mRNAs coding for a fifth and sixth human 
defensin (HD-5 and -6) were found to be expressed only 
in the Paneth cells of the small intestine [11,12]. 
Defensins are small cationic peptides 29-34 amino 
acids long. They are arginine-rich and contain six con- 
served cysteine residues that form three disulfide bonds 
[13]. In vitro, defensins have microbicidal and cytotoxic 
activities [4,14] that may be related to their ability to 
permeabilize membranes [15,16], but also manifest che- 
motactic and endocrine regulatory effects. Individual 
members of the defensin family differ remarkably in the 
spectrum and potency of their biological activities [17]. 
In order to facilitate studies of tissue-specific expres- 
sion of the various members of the defensin family, we 
report the cloning and sequencing of three neutrophil 
peptide genes, the human HNP-1 and -3 and the rabbit 
NP-3a, and analyze the differences among these genes 
and the genes coding for defensins expressed in intesti- 
nal Paneth cells and alveolar macrophages. 
2. MATERIALS AND METHODS 
A rabbit sperm genomic library in EMBL4 1 phage was the gener- 
ous gift of Dr. Katherine Knight, University of Chicago, Chicago, IL. 
The library plated on Escherichia coli strain LE392 was screened with 
the EcoRI fragment of NP-3a cDNA [18]. A human lung fibroblast 
genomic library in the Lambda Fix II vector (Stratagene) plated on 
E. coli strain PLK17 was probed with a PCR-amplified fragment of 
HNP-1 cDNA, containing bases 65-329 [19]. Hybridizing plaques 
taken through two or three successive screenings were used for DNA 
preparations. DNA fragments identified by Southern analysis were 
subcloned into either the Bluescript SK(-) plasmid or M13mp18 and 
grown in E. coliXLl-Blue. Single-strandedDNA was sequenced using 
the Sequenase Version 2.0 kit (United States Biochemical). Primers 
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used for sequencing were the Ml3 universal primer (United States 
Biochemical) or specific sequencing primers produced by Dr. Thomas 
Sutherland and Dr. Dohn Glitz (UCLA). All DNA sequences re- 
ported here were confirmed by sequencing both DNA strands. DNA 
sequence analysis was performed with the help of PC-GENE (Intelli- 
genetics, Palo Alto, CA) programs and the Signal Scan 3 program [20]. 
3. RESULTS AND DISCUSSION 
3.1. Cloning and sequencing of the human neutrophil 
genes HNP-1 and -3 
Using the PCR-amplified HNP-1 cDNA as a probe 
eight clones were recovered from the human lung fi- 
broblast Lambda Fix II library. Five of these coded for 
HNP-1, one coded for HNP-3 and the remaining two 
were not identified. 
Comparison of the gene and cDNA sequences 
showed each gene to consist of three exons and two 
introns (Fig. 1). Each splice site junction follows the 
GT-AG rule with variable homology to the canonical 
exon-intron junction consensus equences [21,22]. The 
first exon of each gene codes for the 5’ untranslated 
region. The second exon contains the translation initia- 
tion consensus sequence [23], the signal peptide and 
most of the spacer segment (propiece) removed during 
post-translational processing to mature peptide. The 
third exon codes for the mature protein. 
The polyadenylation site is located within the third 
exon, twelve nucleotides from its end [24]. A putative 
TATA box is located 68 bases upstream from the cDNA 
start. This sequence, TTAAATA, is the same as that 
found in the NP-3a, GNCP-2, MCP-1 and MCP-2 de- 
fensin genes. There are three (HNP-3) or four (HNP-1) 
CAAT boxes upstream of the TATA box. The sequence 
of the HNP-1 and -3 genes is in complete agreement 
with the sequence of their cDNAs [19]. Each gene en- 
codes a 94 amino acid preproprotein which is known to 
be processed through intermediates to the 30 amino acid 
mature defensins [25]. 
The HNP-1 and -3 genes are nearly identical. Within 
the 3.7 kb sequenced only seventeen base-pair differ- 
ences were found. Fourteen of these are located more 
than 350 nucleotides upstream of the presumed mRNA 
start, one is in the second intron, and one in the 3’ 
untranslated region of the mRNA. The remaining dif- 
ference is in the first codon of the mature protein coding 
region, leading to the known amino acid difference in 
the mature peptides: HNP-1 starts with alanine while 
HNP-3 begins with aspartic acid. Since all donors ex- 
press HNP-1 peptide and about 90% express HNP-3 
(unpublished), we surmise that the genes are non-allelic. 
The high degree of homology suggests these genes have 
arisen from a very recent duplication. 
3.2. Cloning and sequencing of the rabbit neutrophil gene 
NP-3a 
Of the five clones strongly hybridizing to the NP-3a 
probe, three were sequenced wholly or in part and 
found to belong to the same gene, NP-3a. The gene and 
cDNA [ 181 sequence were in agreement, with the excep- 
tion of a one base-pair difference at position 2,15 1 at the 
end of the second exon (C in the cDNA and a T in the 
gene). Both versions code for a valine. The genomic 
sequence of this region was obtained from three differ- 
ent clones and all three were in agreement. This discrep- 
ancy can be attributed to allelic variation. 
Comparison of the gene and cDNA sequence showed 
NP-3a has the same organization as HNP-1 and -3. The 
first exon codes for the 5’ untranslated region; the sec- 
ond exon for the translation initiation consensus se- 
quence [23], the signal sequence and most of the 
propiece; and the third exon for the mature protein 
portion. The splice sites for the two introns follow the 
GT-AG rule and there is some homology to the more 
extended splice site consensus sequences [21,22]. The 
consensus polyadenylation site [24] and the presumed 
TATA box are noted in Fig. 2. As in HNP-1, four 
CAAT boxes were found upstream of the TATA box 
(Fig. 2). 
3.3. Organization of defensin genes 
The structures of seven genes encoding defensins 
from three mammalian species expressed in three differ- 
ent tissues are compared in Fig. 3. The genes fall into 
three structural groups, each with a unique pattern of 
cell-specific expression. 
Four defensins expressed exclusively in neutrophils, 
human HNP-1 and -3, rabbit NP-3a and guinea pig 
GNCP-2 [26], have three exons, each coding for the 
same approximate region of the gene product. The 
length of the first intron is 1,369 in HNP-1 and -3, 1,232 
in NP-3a and 1,217 in GNCP-2. The second intron, in 
each case less than half the length of the first, is 588 
nucleotides in HNP-1 and -3, 577 in NP-3a and 561 in 
GNCP-2. The rabbit MCP-1 and -2 genes are expressed 
in alveolar macrophages as well as neutrophils. The 
number and content of the exons of these genes is the 
same as the neutrophil-specific genes [271, however, 
there are about 800 fewer nucleotides in the first intron. 
The HD-5 gene, expressed in Paneth cells, is organized 
differently than the other genes. It contains only two 
Fig. 1. The nucleotide sequence of the HNP-1 and HNP3 genes. The HNP-1 gene sequence is shown with differences in HNP-3 indicated below. 
The first nucleotide of an EcoRI site is numbered as base 1. Introns are in lower-case letters, exons are in upper-case letters. The end of exon 3 
is deduced from the cDNA polyadenylation site. The preproprotein sequences are shown in three letter code with the signal sequence underlined. 
The TATA-like box, polyadenylation signal and mature protein are shown in bold. CAAT boxes upstream of the TATA-like box are double 
underlined. The TATA box upstream of the second exon is homologous to that of the HD-5 promoter and is underlined. 
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Fig. 2. The nucleotide sequence of the NP-3a gene. Nucleotides comprising introns are shown in lower-case letters. The 3’ end of the third exon 
was deduced from the cDNA polyadenylation site. The deduced amino acid sequence of the signal peptide (underlined) and the propeptide are 
shown. The mature protein is shown in boldface. The TATA-like box and polyadenylation signal are also in boldface. Upstream CAAT boxes 
are double underlined. 
exons, the first coding for the 5’ untranslated region and 
prepro portion and the second for the mature protein 
portion [l 11. The single intron is 980 nucleotides, inter- 
mediate in length between the first and second introns 
of the neutrophil genes. Interestingly, the human neu- 
trophil genes contain a TATA box in a position analo- 
gous to that of the HD-5 gene (underlined in Fig. 1). 
Using the PC-GENE Pustell program an analysis of 
the similarity of these,defensin genes was made. When 
HNP-1 is compared to itself (Fig. 3A), most of the 
homology falls along the diagonal, showing that the 
gene contains few repeated sequences. HNP-1 and NP- 
3a are closely related, even outside the coding regions, 
as reflected in the clear and uninterrupted diagonal 
shown in Fig. 3B. NP-3a and MCP-1 are also quite 
homologous. The break in their homology due to the 
Fig. 3. Comparison of the organization and homology of defensin genes. The top panel shows chematic representations of the organization f 
seven defensin genes. Open boxes indicate non-coding exon regions. Shaded boxes show translated coding regions. The 3’ and 5’ flanking regions 
and introns are represented by straight lines. The break in the first intron in the MCP-1 and -2 indicates the location of a possible 800 base-pair 
deletion. P indicates the location of promoters deduced from the location of the TATA boxes. The P? stands for a TATA box in the first intron 
of HNP-1 and -3 the location of which is analogous to that found in HD-5. The cell type in which each of the genes is expressed is shown in 
parentheses. The lower panels (A-D) show four graphs generated by the PC-GENE Pustell program, with parameters range = 4, scale = 1. The 
numbers on the axes refer to the nucleotide position of the gene indicated. Double lines along the axes indicate the positions of the exons. An area 
of identity is indicated by an X. 
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HNPlGEN - taaaatgCaCaCCtCCtCtCaCtgagattgaggaaggtttCttgtCtCCg -2536 
::: : : : : : : :: :: ::::: 
HLI5GENE - cctCCcaatCaCatgCcCaCC-tCCtC~C~CtgC~gCttCt--gtCtc~~ -1309 
HNPlGBN - agCCttCtCCCagtagagCttaaatcCaggCtggCtCCtcCctccccac -2586 
:::::::::: :::::::::::::::::::: :::::: . . . . . . . . . . . . . . . . 
WSGENE - g-tcttctcccagcagagctataaatccaggctgactcctcactccccac -1358 
E2 
HNPlGBN - acagctgctcctgctctccctcctccagGTGACCCCAGC_ -2636 
::::::::::::::::: :::::::::::::::::::::::: 
WSGBNE - ~T~TrCACTCerDCTCTCCCC~~~~ACCCCAGC~~A~AC~ -1408 
El 
HNPlGBN - TCGCCATCCTn;CTOCtATTCPCCTOOTOOCCCTOCAGGC -2686 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
HD5GBNB - TCOCCATC~CTGCCATTCPCCTOOTOOCCCTGCAG -1458 
HNPlGBN - CCACTCCAGGCAAGAGC~CAGCCCCGGAGCAGA~C -2736 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . : :: ::: : ::::: :: 
IDSGENE - TCACTCCAGGA?ULGAGCTGATGAGGC---TACAACCCAGAAGCAGTC -1505 
HNPlGEN - AGCGGACATCCCAGAAGTGGTlVl'TTCCCTTGCA?GGGACGAAAGCTTGG -2786 
:::: :: ::: ::::: 
HDSGENE - ~~GA~AAC~A~~C~~A~CTC~~~~~~~~C~ -1555 
Fig. 4. Region of homology between HNP-1 and the HD-5 promoter. The PC-GENE NALIGN program was used to align the HD-5 and I-DIP-1 
genes. Identical nucleotides are marked with a colon. The HNP-1 intron and HD-5 5’ untranslated region are in lowercase letters. Exons are in 
uppercase letters. The TATA boxes are in bold type. The HNP-1 signal sequence is underlined. E2 indicates the start of the second exon of HNP-1. 
El indicates the start of the first exon of HD-5. 
probable deletion in the first intron of MCP-1 is visual- 
ized in Fig. 3C. The human defensin gene, HNP-1, is 
less closely related to the guinea pig GNCP-2 gene than 
to the rabbit defensin genes, with areas of homology 
distributed all along the two genes (data not shown). 
As reflected by a truncated diagonal in Fig. 3D, the 
homology between HNP-1 and HD-5 genes begins just 
upstream of the HNP-1 second exon and the HD-5 first 
exon, and the similarity continues through the subse- 
quent intron and the next exon. This suggests that the 
non-homologous 5’ end of the two genes diverged 
through deletion or insertion. The striking homology 
between the HD-5 promoter region and the region up- 
stream of the second exon of HNP-1 and -3 is shown in 
Fig. 4. The sequences upstream of the TATA boxes is 
unrelated. Homology is quite strong in the area of the 
TATA boxes, remains strong through the signal se- 
quence, then diverges somewhat after the start of the 
proprotein region. The TATA box upstream of the sec- 
ond exon of the HNP genes may be a vestigial remnant 
from the ancestor gene of the HNP-1, HNP-3 and HD-5 
genes. It is also possible that this potential promoter 
may initiate transcription of HNP-1 and -3 in some cell 
type other than neutrophils. 
The conserved exon-intron structure of neutrophil 
defensin genes from man, rabbit and guinea pig con- 
trasts with the different layouts of otherwise homolo- 
gous human and rabbit defensin genes expressed in 
Pane& cells or macrophages. Gross rearrangements 
(deletions or insertions), that appear as non-homolo- 
gous segments in Pustell plots, may have contributed to 
the differences in tissue specificity of defensin gene ex- 
pression. These regions could be fertile territory in the 
search for tissue-specific &-acting sequences. 
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